The polarized absorption spectra of single crystals are informative both as to the nature of the electronic transitions for an individual molecule and as to the effects on the spectra of the interactions between molecules with known relative orientation. Our particular interest has been the absorption spectra of single crystals of purines and pyrimidines, which are pertinent for an understanding of the absorption spectra of the nucleic acids and of the phenomenon of hypochromism. 1 A major problem in such studies for electronic (or vibrational) transitions which are reasonably intense is the preparation of crystals in the shape of plates that are sufficiently thin so that the absorbance (logi0 Io/I) is measurable. Thus, for a typical purine or pyrimidine crystal with a density corresponding to a molar concentration of about 10 mole liter-1 and a maximum decadic molar absorptivity of about 104 liter mole-' cm-1, the thickness should be about 10-5 cm.
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In the past this technical problem has usually been solved by hunting and picking from a population of crystals obtained by crystallization or by sublimation, by crystallizing between two closely spaced plates, or occasionally by preparing a solid solution in a transparent host crystal. These techniques lack generality. It is not always possible to grow or find crystals that have the desired face development, that have a sufficiently large cross-sectional area, and that are sufficiently thin. It is frequently not possible to find a transparent host crystal for the mixed crystal method.
We wish to describe a method for preparing thin sections of single crystals which we believe will work for a large number of organic crystals. Using a microtome and a diamond knife intended for thin sectioning of specimens for electron microscopy, suitable crystals with cross-sectional dimensions up to several hundred micra can be polished (or shaved) down to a thickness of 10-5 cm. The opposite faces of the crystal are maintained parallel by observing interference colors between crossed polarizers. This method works best for polishing soft organic crystals parallel to a cleavage plane, but in the one case tried it was possible to prepare a section 10-4 cm thick with faces perpendicular to the cleavage plane of a layer structure.
The microspectrophotometer used was such that a crystal with cross-sectional dimensions of about 100 , X 100 , was needed. Our first idea was to mount a crystal in a methacrylate plastic and to slice a thin section by the same general technique used routinely in electron microscopy. This technique was tested with uracil, which has a structure in which the molecular planes are parallel to the cleavage plane (001) of the monoclinic crystal.2 A stubby crystal about 200 1 X 200 . X 50 M (with the short axis parallel to the c-axis) was coated with polyvinyl alcohol (to promote adhesion to the methacrylate), imbedded in a methyl methacrylate-butyl methacrylate plastic, and then sectioned parallel to (001) at 0.25 / increments with a diamond knife. The sections which were recovered had shattered into microcrystalline regions as revealed by ultraviolet absorption measurements and conoscopic observations. Presumably the crystal shatters because of the deformation suffered while being peeled off by the knife.
The same disappointing result was obtained upon attempting to section a 1-methylthymine crystal in the (102) plane (the plane of the molecules and the cleavage plane).' However, it was observed that the crystal face remaining on the methacrylate block after sectioning appeared to be optically polished.
It was then reasoned that, if the back face of the crystal were polished beforehand, it should be possible, by taking advantage of the small increments of advance of the microtome, to polish the front face down to the desired thickness.
The general features of the technique may be described as follows.4 A methacrylate block was mounted in the microtome and cut with the knife, thus developing a plane parallel to the cutting plane of the knife. A natural face (A) of a crystal was then glued to the face of the plastic (using a few microliters of ethylene dichloride) maintaining parallelism to within i 10. The opposite face (A') of the crystal was polished with the microtome knife, down to a crystal thickness of 50-70 JA. The crystal was then cut away from the plastic with a razor blade. A thin (-5 A) polished layer of methacrylate coats one face of a fused quartz block. (This thin layer of plastic needs to be and is adequately transparent to ultraviolet light, provided redistilled monomer is used and no U-V absorbing catalyst is used for polymerization.) Face A' was glued to the quartz block via this intermediate layer of plastic. The quartz block and crystal were mounted on the microtome in a device which included: (a) an adjustable chuck for changing the crystal orientation by a few degrees with a control of i 1' of arc; (b) a 450 mirror on a steel block for sending polarized light through the crystal (Fig. 1) light type is on a plane 3.38 A below the molecule drawn in heavy type. retardation method). Thus the thin fragile crystal section is supported by the quartz block during the optical measurements. Figure 2 illustrates the results obtained from two 1-methylthymine crystals which were polished to thicknesses of 0.1 , and 0.5 ,u.
The problem of analyzing the effects of a wedge-shaped section on absorption for a microspectrophotometer with a circular specimen aperture is treated as follows. Assume that the crystal is oriented so that the plane of polarization is coincident with a principal direction. The angle of the wedge is a so that the thickness of the crystal at the point (r, 0) is t = to + ar cos 0 where to is the crystal thickness at the center of the aperture. The transmission is ,0a f f2e7r -K (to + ar cos 0) rd~dr Io iral where a is the radius of the aperture and K is an absorption cross section for the crystal in cm-' along a principal direction. Then
where I1 is a hyperbolic Bessel function of the first kind. For Kaa less than unity, the absorbance error is less than 0.05 absorbance units, which is about the limit of error for the microspectrophotometer. K is usually no more than 5 X 10+5 cm-' and a typical aperture radius is 2.3 X 10-' cm. Thus the opposite faces should be parallel to within 0.001 radians or 4' of arc. Using an ultramicrotome for polishing crystals to thin sections has several advantages over the more conventional grinding techniques. The small advance increments of an ultramicrotome allow one to take off small sections and save the crystal from fractures or cleavages. This is then comparable to polishing crystals with very fine, hard powders. A trough, to which the diamond knife is mounted, is filled with water (or some other convenient solvent) up to the cutting edge of the knife. As the crystal is sectioned, the grains dissolve in the water and leave a clean, polished face on the crystal. The reproducible advance of the microtome makes it possible to take the crystal down to a thin section in a controlled manner. For the rather old Porter-Blum microtome which we used, the limiting thickness was about 10-cm. It is very likely that with the newer microtomes, a mechanical limit for a thin crystal section will be about 10-6 cm.
A disadvantage of the technique is the inefficient use of the diamond knife. For conventional microscopy, each section is useful; in our system, thousands of sections need to be made before the crystal is down to a useful thickness. We found that our knife' lasted for the polishing of two to three crystals.
The optical system used took advantage of the rather large birefringence of the purine and pyrimidine derivatives. The larger the birefringence, the more accurately can one cut a crystal to a desired thickness. If the birefringence is less than 0.02, this method is of marginal use for sectioning a crystal to a thickness less than 0.7 ,u. However, ultraviolet absorbing crystals which have interesting dichroism usually have a birefringence larger than 0.02. A low birefringence poses another problem. Optical wedges can then only be observed for relatively large angles.
For a typical cross section of 150 A, the smallest wedge angle which can be observed for a birefriingeiice of 0.02 is 0.007 radians. For crystals with low birefringence, one would probably have to set up a more elaborate optical system for observing reflected interference fringes in order to know the crystal thickness and to avoid wedge effects while polishing.
All of the crystals which were studied in our polarized absorption experiments were layer structures. The cleavage planes were well defined and cutting along the cleavage plane posed no problem. One crystal, the hydrogen bonded complex of 9-methyladenine to 1-methylthymine,3'6 had I 001 1 and I100} as predominant forms.
Both of these faces are perpendicular to the cleavage (and molecular) plane (010) and hence the crystal had a favorable morphology for sectioning in a direction perpendicular to the molecular layers. The crystal could be cut along the (100) to a section as thin as 1 u without cleaving. This thickness was sufficient to determine the absorption in a direction perpendicular to the molecular layers.
Another sample of the hydrogen bonded complex of 9-methyl adenine and 1-methyl thymine was inadvertently polished at an angle of 5-10°with respect to the form 11001. In this case too, an optically polished plane was formed. Thus, it may not be necessary to cut parallel to any crystal plane.
As remarked above, the crystal sectioning technique described above took full advantage of the high birefringence which most purine and pyrimidine derivatives have. For the general problem of sectioning soft crystals the optical system would have to be improved. Reflected light from the crystal face can provide for long, optical lever arms which are needed for accurate orientation. A suitable goniometer device would eliminate the present necessity of having to polish a natural crystal face. We believe that with a sharp diamond knife and a microtome which has a small advance increment, one can cut soft crystals to thicknesses of the order of 0.1 ,u.
Summary.-Sections of single crystals of organic substances with thicknesses down to 0.1 u can be prepared by using a diamond knife and an ultramicrotome as a polishing tool. It is believed that this technique will be generally useful for preparing specimens for single crystal absorption spectroscopy. , 7, 313 (1954) ; for preparing uracil crystals with a stubby habit, see Gilpin, V., and W. McCrone, Anal. Chem., 22, 368 (1950) .
3 Hoogsteen, K., Acta Cryst., in press. 4Stewart, R., "Polarized absorption spectra of purines and pyrimidines," Ph.D. Thesis, California Institute of Technology, (1963) . Practical details of our technique are described in this thesis.
6 The diamond knife was a Type C I.V.I.C. knife purchased from the Instituto Venezolano De
Investigaciones Cientificas. The angle of the knife was 550 with a cutting edge 1.2 mm long.
